We demonstrate in this paper the feasibility to elaborate rare-earth free permanent magnets based on cobalt nanorods assemblies with energy product (BH) max exceeding 150 kJ.m squareness. This study shows that this bottom-up approach is very promising to get new hard magnetic materials that can compete in the permanent magnet panorama and fill the gap between the ferrites and the NdFeB magnets.
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Accepted Manuscript Nanoscale www.rsc.org/nanoscale Introduction Permanent magnets have become essential to daily life products. Ranging from electronic power generation to energy conversion and transportation, the domain of application of magnets is growing exponentially. This huge market is mostly trusted by rare earth-based magnets, that exhibit the best performances, and the ferrites based-magnets, that are by far the cheapest. 1 The fear of a rare-earth supply limitation has recently motivated numerous efforts on rare-earth free permanent magnets. 2, 3 A reasonable objective is to find new hard magnetic materials that could fill the gap between the Ba(Sr) hexaferrites and the powerful NdFeB magnets. The first approach consists in playing with crystal structures in order to find new high magneto-crystalline compounds such as manganese compounds, 4 iron-nickel, 5 and ironcobalt borides with tetragonal structure, 6 or cobalt carbides Co 2 C/Co 3 C nanocomposites. 7, 8 An alternative approach consists in assembling single domain nanoparticles with high anisotropy into dense materials and to exploit nano-structuration. 9, 10 This bottom-up approach has the advantage over the classical metallurgy processes to be scalable down to submillimeter sizes and could address the demand for microscale permanent magnets with high added values. 11 Recently, several processes were developed to synthesize hard magnetic particles with a very good size control in the nanometer range. One interest of nanoparticles is that metastable and/or new structures can appear for sub 10 nm sizes. For example, Balamurugan et al.
showed that intermetallic Zr x Co 100-x nanoparticles prepared by cluster deposition crystallized in the high-anisotropy rhombohedral Zr 2 Co 11 structure for a broad composition range. 12 Moreover, the size control allows a fine control of the magnetic properties and enables these particles to be suitable for spring magnet elaboration. 13, 14 Finally, nanoparticles with a great variety of shapes can be obtained by chemical processes offering the possibility to get nanoparticles with anisotropic shapes. This is the case of magnetic nanorods (NRs) and nanowires (NWs) the synthesis of which has been developed both by electrochemistry and wet-chemistry. 15 Liquid phase synthesis of FeCo, 16 Ni, 17 and CoNi 18 high aspect ratio particles were developed. Nevertheless, the coercivity of these compositions was limited compared to those measured on cobalt high aspect ratio particles. The great advantage of Co NWs and NRs in the field of hard magnetic material is the possibility to add magnetocrystalline and shape anisotropy. For cobalt wires with the hcp structure and the c axis parallel to the wire long axis a theoretical coercivity µ 0 Hc = µ 0 M S /2 + K 1 /2M S = 0.89 + 0.58 = 1.47 T is expected provided that the Stoner-Wohlfarth model applies.
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Co NWs and NRs with high coercivity were first synthesized by the polyol process 19 and organometallic chemistry. 20, 21 These last few years several experimental works were devoted to Co NWs and NRs for permanent magnet applications with main objectives a better shape control and an improvement of their magnetic properties. Co NRs with enhanced coercivity, µ 0 H C higher than 1T, were obtained by Gandha et al. thanks to a modified polyol synthesis in solvothermal conditions. 22 A detailed study of the polyol synthesis mechanism clearly identified the role of the laurate ion concentration on the growth of hcp cobalt, parallel or perpendicular to the c axis. 23 Scale-up of high aspect ratio nanoparticle synthesis by the polyol process was developed. 24 Parallel alignments of cobalt nanorods prepared by organometallic chemistry and characterized by magnetization loops with remanence to saturation ratio close to 1 were obtained by grafting liquid crystals at their surface. 25 High temperature stability of cobalt nanorods was improved by a thin carbon coating. 26, 27 Furthermore, several theoretical works were recently devoted to the magnetic properties of isolated or assembled Co NWs and NRs. The effects of the particle shape on the coercivity and on the magnetization reversal were described by micromagnetic modelling. 28 The role of the dipolar interactions in rod assemblies on the coercivity 29 and the calculation of the energy product as a function of the wire packing fraction 30,31 allowed assessing the performance of permanent magnets based on Co NR assemblies.
The last issue, that has not yet been addressed experimentally, is the elaboration of dense arrays of parallel nanorods. The easy-axis alignment is of paramount importance in order to obtain high energy product. 32, 33 Nevertheless, high energy products require also high magnetic induction, namely, for rods assemblies, a high packing fraction.
In this paper we describe the elaboration of dense assemblies of Co NRs with different diameters and morphologies prepared by the polyol process. The rod alignment and the magnetic volume fraction were characterized by electron microscopy, neutrons scattering, thermal analysis and magnetic measurements. This is the first time that energy products of nanorods assemblies have been assessed. We show that the performance of these new magnetic materials makes them very good candidates to compete in the new rare-earth free permanent magnet panorama.
Experimental Synthesis and characterization of Co NRs
Cobalt nanowires were produced by the polyol process following a procedure previously described. 19 Cobalt acetate was purchased from Alfa Aesar, sodium hydroxide, lauric acid and 34 (image magnification 250k). X-ray diffraction (XRD) patterns were recorded on a PANalytical Empyrean diffractometer using the Co K α radiation.
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Assembly of Co NRs into dense anisotropic nanomaterials
Co NRs were washed in chloroform or in toluene prior to their alignment and after washing they were dispersed under sonication in chloroform. Dispersions containing approximately 1 g of powder in 10 mL of solvent were allowed to dry under air at room temperature in a homogenous magnetic field of 1T generated by an electro-magnet. The different assemblies are noted R d Aj for rods , exhibiting the mean diameter d, aligned following the procedure Aj.
The alignments A1 and A3 correspond to rods washed in chloroform, A2 and A4 to rods washed in toluene. For A1 and A2 (standard procedures) three successive washings were realized, for A3 an extended washing was carried out. A4 corresponds to alignment of large scale samples for which the washing was limited in comparison to the standard samples.
The rod assemblies R d Aj were characterized by scanning electron microscopy (FEG-SEM) using a JEOL JSM 6700F. Thermogravimetric Analysis (TGA) was performed on a MettlerToledo balance in air and under H 2 /Ar atmosphere.
The Small-Angle Neutron Scattering (SANS) experiments were carried out on the spectrometer PAXY at the Laboratoire Léon Brillouin. 35 The neutron wavelength was set at 5Å. The amount of magnetic material put in the beam was on the order of 10-20 mg
The magnetic properties of the assemblies were characterized using a Quantum Design Physical Property Measurement System (PPMS) with the Vibrating Sample Magnetometer (VSM) configuration.
Magnetic measurements
The saturation magnetization values were measured on sample mass larger than 10 mg. M(H) loops were measured on small needles of dimensions c.a. 5× 0.5× 0.1 mm with the applied field parallel to the needle long axis.
Volume fraction measurements
The assessment of the magnetic volume fraction, V M , in the dense assemblies is necessary for the calculation of the energy product (BH) max . Assuming the absence of internal porosity in the assemblies, it is arguable that they consist of three components: the Co metal cores, a cobalt oxide shell around each cores, since the drying and alignment of the Co nanorods were carried out under air, and an outer ligand shell, i.e. the organic molecules remaining at the rod surface and occupying the inter-rod spacing. These organic molecules include the ligands and remaining solvent.
6
The volume fraction of the three components noted V M, V CoO and V L , respectively were calculated from the mass fraction inferred from the VSM and TGA measurements.
The magnetic mass fraction was deduced from the saturation magnetization, M S , of the samples measured by magnetometry:
with M S expressed in emu·g -1 and M S cobalt = 160 emu.g -1 .
In order to determine the mass fraction of the Co oxide and the ligands in the NR assemblies, a sample of mass m 0 was heated in air at 700°C for 2 hours, in order to remove all the organics and to fully oxidize the cobalt core resulting in a mass gain ∆m 1 >0. After cooling at room temperature in the thermo-balance, the sample was then heated at 700°C under a mixture of H 2 /Ar for 2 hours in order to reduce the cobalt oxide in metal cobalt resulting in a mass loss ∆m 2 <0. The final mass of the sample is m 3 and consists purely of metal Co.
The mass fraction of the total Co, %w(Co total ), corresponding to the cobalt involved both in the metal core and in the oxide shell, was calculated from Eq. 2 (see an example in figure S2 of the supporting information). This allow to deduce the mass fraction of the cobalt involved in the oxide shell :
Assuming that the cobalt oxide at the surface of the cobalt rods is cobalt monoxide CoO, as previously reported, 36 its mass fraction can be calculated from the mass fraction of Co II according to:
with the molar weight M Co = 58.9 g.mol -1 and M O = 16 g.mol -1 .
Finally, the mass fraction of the ligands can be obtained by: 
In the paper V Co is noted V M for magnetic volume fraction.
Assuming an ideal core-shell structure for the cobalt nanorods consisting of a metal cobalt cylinder core and a CoO shell, the thickness, e, of the CoO shell was calculated using:
with d m the external mean diameter of the rods determined by TEM.
Results and discussion
Nanorod alignment characterization
The cobalt nanorods prepared by the polyol process exhibited a mean diameter in the range 17-31 nm and a mean length in the range from 120 to 200 nm as observed on the transmission electron microscopy (TEM) images. Figure 1a shows a TEM image of representative rods exhibiting a mean diameter d m = 22 nm. The TEM images of the different rods used in this study are given in the supporting information (Fig. S1 ). The thinner rods (d m below 24 nm) have a regular diameter except at the tips while the larger ones exhibit irregularities along their length. The irregular rods with the larger mean diameters were obtained with the higher stirring rate (> 160 rpm). Decreasing the stirring rate to 80 rpm improved the rod morphology and decreased the mean diameter. X-ray diffraction shows that the cobalt rods crystallize with the hcp structure with the c axis parallel to the long axis as previously reported. 23 After being washed in organic solvents (chloroform or toluene) the nanorods were dispersed in chloroform. Large wafers of parallel assemblies of rods were obtained by drying the rod dispersions in a uniform magnetic field of 1 T (Fig. 1b) . Although no additional polymer was used for the rod consolidation, the dried assemblies exhibit robustness along the axis parallel to the applied field during the solidification and flexibility perpendicular to it (Fig. 1c) .
Individual millimeter long needles with parallelepiped shape could be separated from these wafers for further characterizations (Fig. 1d) . Scanning electron microscopy (SEM) of the needles showed smooth surfaces without any cracks (Fig. 1d ) and dense alignments of parallel nanorods with their rod long axis parallel to the needle long axis (Fig. 1e ).
Small angle neutron scattering (SANS) patterns were recorded on different rod assemblies.
The patterns of the assemblies R 17 A1 and R 17 A2 are shown on figure 2 as examples. The alignment procedures of these two samples were different. In procedure A1, the rods were washed with chloroform, while in the procedure A2 they were washed with toluene (see experimental section). Very anisotropic scattering patterns are observed. The intensity scattered perpendicular to the rod direction measures the correlations between the rods: the better aligned, the higher the intensity. In the direction parallel to the rods the scattering is very low. From the 2D scattering patterns, it is possible to extract the scattered intensity parallel, I // , and perpendicular to the rods, I ⊥ . These two intensities are plotted on figures 2a
and 2b. On the I ⊥ curves, a well-defined peak can be observed. It corresponds to the rod-rod distance in the correlation function. The intensity of this correlation peak is a measure of the quality of the alignment. It can be observed that depending on the alignment procedure (A1 or between two parallel nanorods of radius R, length L and separated by a distance h can be estimated according to Eq. 8 (approximate expression valid for h < R).
with A H the Hamaker constant. Assuming A H = -50 k B T for metallic cobalt dispersed in organic medium, 37 the Van der Waals energy between two rods in the assembly R 17 A1 is estimated to E VdW = -100 k B T.
The better alignment in the assembly R 17 A1 compared to R 17 A2 observed on the SANS patterns is corroborated by the hysteresis cycle measurement which shows a squarer hysteresis loop for R 17 A1 than for R 17 A2 (Fig. 2c) . The squareness SQ of the magnetization curve, measured with the field parallel to the rod long axis, was calculated as follow: The squareness of several R d Aj samples is given in Tab. S1 of the supporting information.
The best rod alignments in the dried assemblies were obtained with rods washed with chloroform (SQ > 0.86) rather than toluene (SQ < 0.81) (Tab. S1). We could observed experimentally that the rods R 22 exhibiting the best shape homogeneity (low diameter dispersion, smooth surface) led to the best orientations. Successive chloroform washings also improved the quality of the alignment (Tab. S1).
Considering the absence of cracks in the needles and assuming no void inside, as suggested the SEM images, the volume fractions of the magnetic core (V M ), the oxide shell (V CoO ), and the remaining organic molecules (V L ) were calculated using the saturation magnetization values and the thermal analysis (see experimental section). The results for different rod assemblies are gathered in Table 1 (Fig. 5b) .
The other parameter that has a strong influence on the value of the energy product is the magnetic volume fraction within the assembly. On figure 5 are plotted the B(H) curves of two samples prepared with the same rods and exhibiting similar squareness (0.93 and 0.96).
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Increasing the magnetic volume fraction from 48.7% to 54.4 % increases the (BH) max from 125 to 165 kJ.m 
Discussion
The results gathered in Table 1 show that the highest (BH) max was obtained for the sample that combined a high magnetic volume fraction and a squared M(H) loop with a very large SQ, which indicates a very good alignment of the nanorods.
The energy product of a sample exhibiting a perfectly square magnetization curve is:
In order to describe the effect of partial order in the rod assembly we consider schematically a linear variation of the magnetization in the second quadrant of the M(H) loop as follows:
with α the slope of the M(H) loop at remanence (Fig. 6) . The parameter α can be deduced from the squareness defined above by:
α is comprised between 0 and showing that the experimental data have to be compared with the formula of Eqs. 13 and 14.
According to Eq. 13 the energy product varies as a quadratic function of the magnetic volume fraction. It describes well the important improvement of (BH) max observed on figure 5 when the volume fraction was increased from 48.7% in the sample R 22 A1 to 54.4% in the sample R 22 A3 (Tab. 1). Such dependence on the magnetic volume fraction explains also why, despite a poor squareness, the assemblies prepared with the thicker rods (R 31 A4 and R 28 A2 in table 1) exhibit a rather good (BH) max .
Eq. 13 predicts also that the energy product varies as an inverse function of the slope of the value of the working point is found almost constant (Fig. 4b ) and close to B R /2 as predicted by
Eq. 14. The decreasing of the (BH) max value is only due to the decreasing of the H value of the working point (Fig. 4b) as predicted by Eq. 14. The α values corresponding to the model 
Magnet performance optimization
The (BH) max value of 165 kJ.m -3 obtained with a dense assembly of parallel cobalt nanorods is higher than the (BH) max of classical ferrites and AlNiCo magnets and comes close to the energy product of bonded NdFeB magnets. 40 This is the first proof of concept that such dense arrays can compete in the magnet panorama. The best assembly described in this paper an inter-rod distance fixed at 3.5 nm. Non-oxidized and oxidized rods with a CoO shell thickness of 1.2 nm, were considered. For a given ligand amount in the assemblies the magnetic volume fraction increases when the rod diameter increases explaining why it is easier to reach higher volume fraction with thicker rods. Nevertheless, even if a significant increase of (BH) max is expected, an increase of the rod diameter must be discarded for permanent magnet applications due to the decrease of coercivity which may potentially drop below the critical field (Eq. 12). Another way to increase the magnetic volume fraction would be to avoid the rod oxidation. For rod diameter in the range from 10 to 20 nm the oxidation dramatically decreases the magnetic volume fraction (Fig. 8a) . Magnetic volume fraction of 60% and 65% are expected for non-oxidized rods of diameter 15 and 20 nm, respectively, while only 42 and 51% are expected for oxidized ones (Fig. 8a) . Finally, a significant increase of volume fraction could also be reached by lowering the organic amount. With non-oxidized rods separated by only a ligand shell of only 2 nm the magnetic volume fraction could reach 70 and 75% for 15 and 20 nm rods (Fig. 8a) . ‡ The effect of oxidation and inter-rod spacing on the energy product is even more important on the energy product value since it varies as the square of the magnetic volume fraction (Fig. 8b) . According to Eq. 
